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Introduction
In the last decades, rapid development of soft x-ray and XUV lasers opened a relatively new area of the laser-matter interaction. These sources represented, for example, by free-electron lasers [1] [2] [3] , laser-produced plasma-based lasers [4, 5] , high-order harmonics [6, 7] , and capillary discharge lasers [8, 9] , provide a large variety of interaction conditions. In the soft xray and XUV spectral domains, laser-matter interaction processes are strongly influenced by laser parameters, i.e., pulse energy, pulse duration, central wavelength, peak intensity, etc. Therefore, intense investigation and modeling of such exotic interactions are needed. Detailed description of soft x-ray laser-matter interaction is of high importance for various scientific disciplines and applications such as photolithography, optical components development, and radiation chemistry.
Our field of interest in the area of soft x-ray laser-matter interactions is damage to various solids. During the last several decades, both laser-induced ablation and desorption were extensively studied in IR-vis-UV spectral ranges [10, 11] . Therefore, these are relatively wellunderstood phenomena at longer wavelengths. An extension of ablation studies into soft xray/XUV region has been enabled by the above-mentioned development of new sources. A few papers have been published dealing with topics of soft x-ray/XUV laser damage to various solid materials [12] [13] [14] [15] [16] [17] [18] [19] 22] , primarily motivated by testing materials for short wavelength optical elements. All of the reflecting optical components used in soft x-ray beamlines have to be resistant to damage by energetic photons (30eV -200eV), but also have to provide the highest possible reflectivity for a long period of time. Therefore, the investigation of material damage mechanisms is crucial for the development and use of such soft x-ray optical devices.
Until recently, material ablation was the main aim of our studies. However, there is another effect responsible for material removal, known in laser and synchrotron radiation communities as material desorption and direct (vacuum) photo-etching, respectively. The processes of desorption and ablation were systematically studied and distinguished by Haglund [20] in the ultra-violet spectral range. Haglund's criterion defines laser-induced desorption and ablation as less than and more than half of a surface monolayer removed by a single laser pulse, respectively. Thus ablation is characteristically a volume effect occurring at high intensity while desorption is a surface effect at low intensity. Surprisingly, for photons in the soft x-ray spectral domain Haglund's criterion has to be modified. In addition to material removal, material damage must be associated with changes of optical properties related to structural and chemical surface alteration.
Single-shot damage experiments
Our previous XUV/x-ray interaction studies were mainly focused on basic characteristics of single-shot ablation processes, namely the determination of the attenuation length and the ablation threshold [12] [13] [14] [15] [16] [17] [18] [19] 22] . All of the results were for various solid state materials determined using a method reported by Liu [21] based on the morphology of the ablated crater. From maximal crater depth and damaged area, we were able to evaluate both the material and beam parameters. One important result has been the determination of the transverse profile of the focused FLASH beam from AFM measurements of the crater shape in PMMA [22] .
The low intensity process of single-shot desorption has been rarely visible by our microscopy techniques and was not taken into account in our previous analysis. Typically, the soft x-ray laser-induced desorption creates craters several nm in depth and is much weaker than the ablation occurring in depths comparable to the attenuation length. Therefore, the weak desorption imprint of beam's tail is often being overlapped by the deep and wide ablated crater located in the center of interaction area.
To investigate, compare, and distinguish between laser-induced desorption and ablation, we have used two different soft x-ray sources (Tab. 1). These sources have been chosen to provide separated single pulses of comparable durations and wavelengths to match the same laser-matter interaction scheme. On the other hand, essentially differing peak fluence of tightly focused beams provided by the two sources allows the investigation of a broad range of interaction in the intensity, fluence, and dose scale. High-order harmonics in Salle Orange, LOA-ENSTA/Palaiseau -France
Single-shot PMMA damage experiments at FLASH
Damage experiments to various materials (PMMA, amorphous carbon, monocrystalline and amorphous silicon, boron carbide, fused silica, etc.) were conducted at the FLASH facility in September 2006. The laser source parameters are summarized in Tab. 1. FLASH belongs to the new family of tunable short-wavelength lasers providing ultra-short pulses with excellent peak brightness. The operation of FLASH and process of ultra-intense soft x-ray radiation generation in this nearly 300m long laser system is described in [1] [2] [3] . Exiting the undulator, the laser beam propagates along an ultra-high vacuum (UHV) beamline involving several diagnostic devices such as pulse energy measuring gas monitor detector (GMD) [23] , a variable line spacing grating spectrometer (VLS) [24] , optional ionizing gas monitor measuring the beam profile, etc. A gas attenuator is used to vary the average pulse energy and a pair of selectable circular apertures allows the suppression of beam pointing instability and reduces imperfections of the beam profile in the far field. Finally, focused by an elliptical grazing incidence carbon coated mirror with a focal length of 200cm, the beam enters an UHV spherical chamber equipped with translation-rotational target manipulator.
The peak fluence in the tight focus is several J/cm 2 and well exceeds the ablation threshold of PMMA, estimated to be ~10mJ/cm 2 for 21.7nm. The attenuation length at this wavelength was determined to be ~70nm [17] . Accordingly to previously reported beam profile measurements [22] , we assume a Gaussian beam profile. Once the peak fluence is greater than the threshold value, the beam maximum appears in the ablation regime whereas beam tails occur in the desorption regime (see Fig. 3 below for a better understanding) . Figure  1(a) shows a typical crater created by an attenuated 21.7-nm FLASH pulse (~30mJ/cm 2 , normal incidence) in 500-nm thin layer of PMMA (Silson, UK). The blue area in Fig. 1(a) , surrounding the main crater, is related to the desorption regime and is well distinguishable from the ablated area in the center. In Fig. 1(b) the transverse cross-section is fitted by function (4) derived below assuming a Gaussian beam profile and neglecting the intermediate regime. Moreover, under the assumption of the Gaussian beam profile, the efficiency curve η (ε) can be obtained from the crater morphology measurement as introduced in Fig. 3 . As estimated from the fit, the maximum desorption efficiency η D , i.e., the material removal efficiency at the sharp crater edge, is less than 10%, whereas the ablation efficiency η A (saturated efficiency in the crater center) is close to 100%. Although the difference seems to be remarkable, the two efficiencies are significantly closer to each other for soft x-rays than they are for UV photons [25] . Accordingly, the desorbed depth exceeds half of a surface monolayer as it was defined by Haglund for UV radiation [20] . In conclusion, desorption is one order of magnitude more efficient for soft x-rays than for UV photons; therefore, Haglund's criterion should be modified for such energetic photons.
An Fig. 2(c) , the surface roughness is in the intermediate regime by factor of 4 and 2 higher than in the desorption and ablation regime, respectively. Explicit solution of integral formula (3) for efficiency curve introduced in Fig. 3 clearly indicates an existence of the intermediate region where both ablation and desorption processes may occur. Thus the response of the material should be in this region highly sensitive to local intensity fluctuations. The enhanced roughness observed in the intermediate area ( Fig. 2(a) -I, Fig. 2(c) -red curve) is likely caused by that. 
Interpretation
As it was proven recently due to absence of any thermal damage, surface imperfections, and bubbles [15] [16] [17] , the PMMA ablation is governed mainly by a non-thermal process called bond scissions. Energetic photons break molecular chains and side groups releasing small molecular weight fragments which evaporate from irradiated surface into the vacuum. Subsequently, the lattice alteration and pulse energy losses lead to reduction of the efficiency of charge carrier thermalization and also the heat propagation into the pristine material suppressing the role of thermal damage to the sample (see [10] ).
Let us assume that non-thermal photodecomposition is essentially more efficient, and thereby we neglect the role of the thermal decomposition (thermal ablation). In PMMA, which is a dielectric material exhibiting low radiation resistance, the absorbed energy is not efficiently thermalized and delocalized due to the heat conduction and charged carrier diffusion. Therefore, the local absorbed dose can be expressed as:
where ε 0 is a peak dose, f(x,y,z) is a beam profile function where the z-axis is perpendicular to the sample surface plane, x and y are in the plane of the sample, and l at is the attenuation length at given wavelength coming from the Lambert-Beer absorption law. This expression is time-integrated; thus, assuming a Gaussian temporal pulse profile ~exp(t 2 /τ 2 ), the relation between peak dose ε 0 and peak intensity I 0 is ε 0 = π 1/2 τ I 0 /l at . Further restrictions on the spatial profile f(x,y,z) function are needed. Considering slowly varying beams only, we ignore the zdependence of the f and express it as f(x,y). In fact it means that the attenuation length and the crater depth are much shorter than Rayleigh's parameter of the beam. Separation of transverse x,y and longitudal z parts in Eq. (1) greatly simplifies the following response calculations of the irradiated material.
Let us define the dose-dependent efficiency, η (ε), of material removal for elemental solids as a ratio between number of atoms per unit volume removed by a single pulse, n R (ε), and number of atoms per unit volume contained in the pristine material, n:
(2a)
For multi-elemental compound materials the total efficiency η (ε) may be expressed as a weighted average in a following form: Here i denotes a summation over particular elements, n R i (ε) and n i indicate removed and total particle densities of i-th element; n R i (ε) must be strictly less than or equal to n i . M i represents a molar mass of i-th element, and n is a total particle density. It should be pointed out that atoms are considered here just to avoid a need of microscopic description of the particular species removed from the irradiated surface. The single-elemental efficiency definition (2a) is chosen to simplify further calculations in this paper. 
